We report measurements of the in-plane London penetration depth λ in single crystals of the α-PdBi2 superconductor -the α-phase counterpart of the putative topological superconductor β-PdBi2, down to 0.35 K using a high-resolution tunnel-diode-based technique. Both λ and superfluid density ρs exhibit an exponential behavior for T ≤ 0.35Tc, with ∆(0)/kBTc ∼2.0, ∆C/γTc∼2.0 and λ(0)∼140 nm, showing that α-PdBi2 is a moderately-coupling, fully-gapped superconductor. The values of ∆(0) and ∆C/γTc are consistent with each other via strong-coupling corrections.
The recently discovered superconductor β-PdBi 2 (T c ∼5.3 K)
1 has been proposed as a possible candidate to exhibit topological superconductivity. A topological superconductor (TSC) has zero-energy localized modes in its quasiparticle excitation spectrum called Andreev bound states at the surface, or Majorana fermions at the vortex core center, which are topologically protected. In the context of superconductivity this means that, a TSC is characterized by a fully-gapped bulk while these Majorana dispersing states can exhibit gapless excitation. Spin-and angle-resolved photoemission spectroscopy (ARPES) revealed the existence of several topologically protected surface states crossing the Fermi level in β-PdBi 2 , 1 though the experimental detection of Majorana fermions is still elusive.
2 Preliminary lowtemperature (down to 2 K) specific heat measurements 3 hinted towards the possibility of a multi-gap superconducting phase in β-PdBi 2 , while scanning tunneling microscopy (STM) 4 suggested that it behaves like a singlegap multi-band superconductor. However, later experiments using muon-spin relaxation (µSR) 5 and calorimetric studies 6 have shown a single isotropic BCS-like gap in β-PdBi 2 with negligible contribution from the topologically protected surface states.
Another extensively-researched superconducting compound amongst the Pd-Bi binary systems is α-PdBi (T c ∼3.7 K), that has a monoclinic crystal structure and belongs to the space group P2 1 .
7-9 Unlike β-PdBi 2 that is centrosymmetric, α-PdBi lacks a center of inversion i.e. it exhibits noncentrosymmetric (NCS) superconductivity. In NCS superconductors, Rashba-type antisymmetric spin-orbit coupling is allowed, 10 which is expected to lift the spin degeneracy and lead to a complex pairing wave function that might be characterized by a hybrid pairing of both spin-singlet and spin-triplet superconductivity. 9, 11 According to a recent review article by Smidman et al. 12 , a well-defined signature for distinguishing between the singlet and triplet component in the mixture should be the existence of topological states, which is exclusive to the pure spin-triplet pairing symmetry. However, it should be noted that experimental signature for spin-triplet superconductivity has also been observed in samples 13, 14 that do not posses any topologically non-trivial states. Interestingly, recent ARPES measurements 15 on α-PdBi revealed the presence of spinpolarized surface states at high binding energies but not at the Fermi level, thus negating the possibility of topological superconductivity at the surface. Scanning tunneling spectroscopy (STS) measurements hinted towards a moderately-coupled BCS-like single gap scenario in α-PdBi, 16 similar to that reported for β-PdBi 2 . We thus see that the presence of topological states has been consistently predicted in the Pd-Bi family of superconductors, even though experimental observation of topological superconductivity is yet to be confirmed. Since ∼2010, there has been a consistent effort to realize topological superconductors by carrier doping, e.g. Cu-and Nb-intercalated Bi 2 Se 3 , 17-19 and In-doped SnTe. 20 In contrast, the Pd-Bi family of binary compounds provide the opportunity for studying some of the first candidates for stoichiometric topological superconductors. 21 Along this line, the less-explored superconductor α-PdBi 2 (T c ∼1.7 K), 7 which is a structural isomer of β-PdBi 2 , is interesting to investigate. PdBi 2 has two distinct crystallographic phases -the lowtemperature α-phase is obtained below 380
• C with slow cooling, while the high-temperature β-phase can be stabilized at low temperatures by rapid quenching between 380
• C to 490
The α-PdBi 2 has a centrosymmetric monoclinic crystal structure of space group C2/m as shown in Figure 1(a) , while the β-PdBi 2 has a tetragonal structure belonging to the space group I4/mmm.
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Single crystals of α-PdBi 2 were grown by a melt growth technique. Elemental Pd (3N5) and Bi (5N) at a molar ratio of 1:2 were sealed in an evacuated quartz tube, prereacted at high temperature until it completely melted and mixed. Then, it was again heated up to 900
• C, kept for 20 hours, cooled down slowly at a rate of 2-3
• C/h down to room temperature. The obtained single crystals by the optimized growth conditions had a good cleavage, producing flat surfaces as shown in the inset of Figure 1 cleavage plane can be assigned to the (h 0 0) reflections (Figure 1(b) ), indicating that the cleavage plane is the bc-plane.
Resistivity in the bc-plane of the α-PdBi 2 crystal was measured by the four-probe method using the Keithley 2182A Nanovoltmeter and 6221 Current Source. A homemade adiabatic demagnetization refrigerator was used for temperature below 2 K. Temperature dependence of resistivity of α-PdBi 2 in the wide temperature range and around the superconducting transition is shown in Fig. 2 and its inset. The residual resistivity below 10 K was adequately low (18 µΩ-cm) and its ratio to the room temperature value (RRR: residual resistivity ratio) is 15, indicating the high quality of the crystal. The onset of the superconducting transition is ∼1.7 K.
The tunnel-diode-oscillator (TDO) based penetration depth setup has been shown to be an excellent tool to probe the pairing symmetry of unconventional superconductors such as ruthenates, 26 skutterudites, 27-29 and pnictides, [30] [31] [32] due to its ability to discern very small changes (1 part in 10 9 ) at low temperatures. At low temperatures, isotropic superconducting gaps give an exponential temperature dependence of the penetration depth, whereas nodes in the gap function, whether point nodes or line nodes, give a power-law temperature dependence. Coupled with the fact that penetration depth measurements are more surface-sensitive than bulk measurements, gapless excitations from the surface states of TSCs may be observable using the TDO technique, thus confirming the presence or absence of the topological nature of superconductivity in this material. In this paper, we present high precision measurements of the inplane London penetration depth λ(T ) of α-PdBi 2 down to 0.35 K using a TDO-based technique. The change in penetration depth ∆λ(T ) shows an exponential behavior at low-temperatures, suggesting the presence of a single isotropic gap in this material. The best fit to the normalized in-plane superfluid density ρ s (T ) is obtained for the zero-temperature superconducting gap ∆(0)∼2.0k B T c , and the specific heat jump ∆C/γT c ∼2.0, where γ is the electronic specific heat coefficient. This suggests that α-PdBi 2 is a moderate-coupling, fully-gapped superconductor. Also, we do not see any power-law low-temperature dependence of ∆λ(T ). This, however, is not definite evidence of the lack of gapless excitations on the surface of the sample, since value of the zero-temperature penetration depth λ(0) is a few times the surface state thickness (∼20-60 nm) in this material.
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The data presented here were taken on single crystal samples in the shape of platelets with dimensions ∼0.8 × 0.5 × 0.1 mm 3 , the smallest dimension being oriented along the a-axis. Measurements were performed using a tunnel diode oscillator [33] [34] [35] operating at a resonant frequency of 26 MHz. The system has been optimized to have a noise level of 2 parts in 10 9 with low drift (∼0.02 Hz/minute). The cryostat dewar was surrounded by a bilayer Mumetal jacket to shield DC stray fields down to a few mOe. Measurements were carried on using a Helium-3 cryostat (Cryogenics Industries of America), which is capable of cooling down our sample to 0.35 K. The sample is mounted using GE Varnish on a single crystal sapphire rod that is thermally connected (with silver epoxy) to a 99.999% pure gold-plated Oxygen-Free-High-Conductive Copper cold finger, that is thermally anchored to the cryostat sample mount. A pre-calibrated Cernox-1030 temperature sensor from Lakeshore Cryogenics mounted at the base of the sapphire rod is capable of monitoring the temperature from the base temperature to 20 K.
Below the superconducting transition temperature T c , the change in the London penetration depth ∆λ(T ) causes a change in the magnetic susceptibility which in turn changes the inductance of the resonator coil, hence changing the resonant frequency ∆f (T ). 33 It can be shown that ∆λ(T ) = λ(T ) − λ(0.35 K) is directly related to ∆f (T ) as ∆λ(T ) = G∆f (T ). Here G is a proportionality factor that depends on the coil and sample geometries. We first obtain G for a 99.9995% pure Aluminum single crystal (of known dimensions) by adjusting G until the normalized superfluid data fits the extreme non-local BCS expression. We then estimate G for our sample of known dimensions. This technique works particularly well for samples with regular dimensions, large aspect ratio and smooth surface, giving G an uncertainty of ∼10-20%. 36 Our rectangular platelet samples with mirror-like surface fulfill these criteria. The sample is located on the axis of a solenoidal coil which has an AC field H. The magntiude of H is estimated to be ∼40 mOe. We report direct measurement of the in-plane penetration depth ∆λ(T ) in this paper. The inset shows ∆λ(T ) for the sample plotted over the entire temperature range to temperatures above T c ≈ 1.66 K (onset of the superconducting transition). The 10%-to-90% transition width is only ∼0.03 K, showing that the measured crystal is of high quality. The lowtemperature ∆λ(T ) data is fitted to the standard s-wave BCS model,
with ∆(0) and λ(0) as fitting parameters. As seen in Fig. 3 , the model fits our data well up to 0.35T c with the best fit obtained for ∆(0) = (2.00±0.02)k B T c with λ(0) = (190±10) nm. The value of the obtained ∆(0)/k B T c is larger than the weak-coupling BCS value of 1.76, suggesting that α-PdBi 2 is a moderate-coupling superconductor. In order to extract the in-plane normalized superfluid density ρ s (T ) = [λ 2 (0)/λ 2 (T )] from ∆λ(T ) data, we need to know the value of λ(0). The previously-obtained value of λ(0) is only an estimate, as it was obtained from fitting only low-temperature data. 38 In fitting ρ s (T ) next we allow λ(0) to be a fitting parameter. To calculate the theoretical ρ s (T ), we used the expression for superfluid density for an isotropic s-wave superconductor in the clean and local limits as shown below,
where
is the Fermi function and
1/2 is the Bogoliubov quasiparticle energy. The temperature dependence of the superconducting gap ∆(T ) is given by
where δ sc = ∆(0)/k B T c , a = 2/3 and ∆C/C ≡ ∆C/γT c . Keeping T c = 1.66 K fixed, and taking into account the ∼10% uncertainty in the proportionality factor G, 36 we obtained the best fit with the following parameters: λ(0) = (141±14) nm, ∆(0)/k B T c = (1.97±0.04), and ∆C/γT c = (2.00±0.30), as shown as a solid line in Figure 4 . The inset shows the low-temperature fit (up to 0.35T c ) between the experiment and theory for the same parameters. The dashed line in Figure 4 , calculated using the BCS weak-coupling values of δ sc = 1.76 and ∆C/γT c = 1.43, clearly does not fit the data. The fitted value of ∆(0)/k B T c agrees well with that obtained from the ∆λ(T ) fit in Figure 3 , while the fitted value of λ(0) agrees well with the value of 132 nm obtained for β-PdBi 2 from calorimetric studies.
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To check the validity as well as the self-consistency of the obtained parameters, we use the strong-coupling equations 41, 42 , where η ∆ and η Cv represent the correction factors that are required to be applied over the weak-coupling BCS gap ratio and specific heat jump, respectively, to get the corresponding values in the moderate-to-strong-coupling limits. Here ω 0 is the characteristic (equivalent Einstein) frequency. If we use the fitting parameter ∆(0)/k B T c = 1.97, then we get the correction factor η ∆ = 1.97/1.76 = 1.12. Putting this value into Eqn. (4) with T c = 1.66 K gives ω 0 ≈ 16.9 K. Using this ω 0 in Eqn. (5) gives a specific heat jump of 2.08 -this agrees well with the value of 2.00 obtained from the ρ s (T ) fit and further supports our claim that α-PdBi 2 is a moderately-coupled superconductor.
In order to check the robustness and reproducibility of our data and analysis, we measured another single-crystal sample designated Sample#2. The best fit of the superfluid density data, using the method described earlier, was obtained for the parameters λ(0) = (134±13) nm, ∆(0)/k B T c = (2.09±0.04), and ∆C/γT c = (2.10±0.29). We can see that (1) the fitted parameters of ∆(0)/k B T c and ∆C/γT c are consistent with each other via strongcoupling corrections, and (2) the obtained parameters for both α-PdBi 2 samples are consistent with each other.
Thus, based on the analysis of the in-plane data in both the samples, we infer that α-PdBi 2 is a single-gap isotropic moderately-coupled BCS superconductor with zero-temperature superconducting gap ∆(0)/k B T c ∼2.0, and specific heat jump ∆C/γT c ∼2.0, with superconducting transition temperature T c ∼1.7 K. Measurements on the related centrosymmetric compound β-PdBi 2 using AC calorimetry, Hall-probe magnetometry and pointcontact spectroscopic studies obtained ∆(0)/k B T c = 2.05 with ∆C/γT c ≈ 2.0. 2, 6 Even in the NCS superconduc- tor α-PdBi, ultra-low-temperature scanning tunneling spectra 16 obtained a similar value of ∆(0)/k B T c ≈ 1.9. Clearly, these values are consistent with the parameters reported in our work.
In both β-PdBi 2 and α-PdBi, even though multiple theoretical calculations as well as experimental observations have clearly pointed out the existence of topological states, the bulk superconducting ground state always seems to be topologically trivial, consistent with a BCSlike s-wave order parameter. Our electronic structure calculations show a metallic normal-state of α-PdBi 2 , similar to α-PdBi and β-PdBi 2 .
43 It leads us to believe that the three compounds have the same nature of the superconducting state. It has been suggested that for Type-II superconductors, the surface Andreev bound states consisting of Majorana Fermions are expected to decay into the bulk within a few coherence lengths ξ. Using the value of ξ≈20 nm for β-PdBi 2 from calorimetric measurements, 6 , and ξ≈66 nm for α-PdBi from STS measurements, 16 these states should have a spatial extent of ∼100 nm from the surface. Given our fitted value of λ(0)≈140 nm, our penetration depth measurements is able to measure field penetration from ∼140 nm inwards, with Angstrom resolution. To elaborate on this, even at zero temperature, the magnetic field has already penetrated through the sample over a distance of ∼140 nm in our sample. Hence any gapless excitation, which exists over the aforementioned length scale of ∼100 nm from the surface, will not be detected by our technique. This implies that we are barely able to probe the topological surface states in α-PdBi 2 and thus the absence of a low-temperature power law in our data does not necessarily rule out the presence of surface states in this material. More surface-sensitive spectroscopic measurements such as point-contact Andreev spectroscopy and ARPES should give direct evidence of topologically-protected surface states in this class of possible stiochiometric TSCs. Additionally, µSR and calorimetric measurements should be performed to validate the parameters we have reported in this paper.
In conclusion, we report measurements of the in-plane London penetration depth λ in single crystals of α-PdBi 2 down to 0.35 K. Fits to the measured penetration depth ∆λ(T ) and the normalized superfluid density ρ s (T ) suggest the existence of a moderate-coupling single s-wave gap in this material. Comparison with the other related compounds shows that the superconducting order parameter has a similar pairing symmetry across the Pd-Bi family of superconductors. Data from our high-resolution and surface-sensitive penetration depth setup did not observe gapless excitations on the surface, thus could not detect any signature of the topological nature of superconductivity in this material. Further measurements from other surface-sensitive experimental techniques have to be performed to ascertain the presence or absence of topologically-protected surface states in α-PdBi 2 .
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